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fitness of other individuals carrying copies of the same gene [1, 2] . Key to the evolution of cooperation and altruism, therefore, is identifying and acting upon individuals carrying copies of the same gene. Because genealogical relatives are more likely than non-relatives to share alleles, a gene will increase the probability of persisting in subsequent generations if it improves the fitness of relatives -a process called kin selection. However, if the gene encoding the cooperative or altruistic behavior, or one that is closely linked, encodes a recognizable trait, then individuals carrying the same gene can be identified and targeted directly, irrespective of genealogy -a process called kind selection or 'the greenbeard effect' because of Dawkins' elaboration of a thought experiment put forth by Hamilton. In Dawkins' example, a gene that causes bearers to grow a green beard (or a gene closely linked to the green-beard-encoding gene) causes the bearer to behave nepotistically towards other green-bearded individuals [3] . Greenbeard genes that cause the bearer to cooperate with other individuals bearing the same gene are called helping greenbeards, while those causing the bearer to antagonize individuals that do not bear the same gene are called harming greenbeards (Figure 1 ) [4, 5] . Helping and harming greenbeards can be further distinguished as obligate or facultative, depending on whether they are expressed constitutively or only in response to the presence of greenbeard-bearing (or non-greenbeardbearing) individuals [5] .
While a seemingly efficient mechanism for the evolution of cooperation and altruism, greenbeard genes are thought to be rare in nature. One problem is that, if successful, the greenbeard gene will quickly approach fixation, eliminating the diversity necessary for discrimination. Another is that mutant 'falsebeard' cheaters, individuals that reap the benefits of cooperation without paying any of the costs, are likely to arise, which can cause population collapse. Theoretically, these problems can be mitigated by diversity; if multiple allelic variants of the greenbeard genes (multicolored greenbeards) exist in a population, the possibility of one sweeping the population, or of one multifunctional falsebeard taking over, is infinitely small.
Because of their rapid growth, genetic and biochemical tractability, and the relative ease of linking genes to phenotypes, microbes have become important models for investigating molecular mechanisms underlying the evolution of complex social behaviors (e.g., [6] [7] [8] ). The first identified mechanisms for interbacterial cooperation and competition were those mediated by secreted molecules. Examples include autoinducers that allow bacteria to increase social behaviors in a population density-dependent manner (i.e., quorum sensing) [9] , and bacteriocins that intoxicate closely related bacteria that do not produce the correct antitoxin [10] . Indeed, bacteriocins, which are highly polymorphic, have been further investigated as examples of multicolored, obligate, harming greenbeards [4, 5, 11] .
More recent work has described systems that require direct contact between cells for cooperation or competition to occur. Myxococcus xanthus cells in direct end-to-end contact cooperate to form fruiting bodies if the correct surface-bound proteins are present, while excluding cells with incorrect surface proteins [12] [13] [14] . Type VI secretion systems (T6SS), found broadly throughout Gram-negative bacterial species, kill neighboring cells by delivering toxic effector proteins [15] . Contact-dependent growth inhibition (CDI) systems also deliver toxic effectors to neighboring cells upon cell-cell contact [16, 17] .
While CDI systems were identified based on their ability to mediate competition between neighboring cells, this review summarizes recent data that indicate that these systems can mediate cooperation between siblings, and suggests that they function as multicolored, facultative, helping greenbeards.
Contact-Dependent Growth Inhibition
CDI is a phenomenon that was discovered based on the observation that a specific rat fecal isolate of Escherichia coli (strain EC93) inhibited the growth of E. coli K-12 in response to cell-cell contact [16] . The proteins mediating CDI are a subset of two-partner secretion (TPS) pathway proteins that are now known to be widespread among Gram-negative bacteria [17] . CDI systems comprise two major classes: E. coli-type, encoded by cdiBAI loci, which are present in many genera of α-, β-, and γ-proteobacteria, and Burkholderiatype, encoded by bcpAIOB loci, which are present in Burkholderia and a few closely related genera ( Figure 2A ) [17] . As TpsB family members, CdiB and BcpB are predicted to be outer membrane β-barrel proteins that translocate their cognate TpsA family exoproteins, CdiA and BcpA, respectively, across the outer membrane. Typical of TpsA exoproteins, CdiA and BcpA are large (most are >3000 aa), contain TPS domains at their N-termini, and are predicted to fold predominantly into β-helical, rod-shaped structures with their C-termini extending distally from the cell surface. The hallmark of the CDI class of TPS proteins, the N-terminal ~2800 aa of CdiA and BcpA proteins are similar, especially among those encoded by the same species, while the C-terminal ~300 aa (termed the CdiA-CT or BcpA-CT) are highly variable ( Figure 2B) . A VENN or Nx(E/Q)LYN motif delineates the conserved and variable regions. The variable CdiA-CT and BcpA-CT domains contain the toxic activity, with most being predicted, and some shown, to function as DNases or RNases (Box 1) [18] [19] [20] [21] [22] [23] . When produced within, or delivered to, the cytoplasm of a susceptible bacterium, these toxins degrade DNA or specific tRNAs, resulting in growth inhibition or cell death ( Figure 2C ). Sibling bacteria are protected from toxicity by producing a small immunity protein, CdiI or BcpI, that is encoded by a gene located immediately 3 to cdiA or bcpA, respectively (Figure 2A ). CdiI and BcpI proteins covary with CdiA-CT and BcpA-CT ( Figure 2B ) and protect by binding to and inactivating cognate (encoded by the same allele) but not heterologous (encoded by a different allele) toxins (Box 1) [17, 24, 25] .
Box 1

Structure and Function of Toxin and Immunity Proteins
Although many proteins have been described as CdiA/BcpA proteins, the mechanisms by which these proteins cause growth inhibition is often unknown. Characterized toxins from Burkholderia pseudomallei, Escherichia coli, Dickeya dadantii (formerly Erwinia chrysanthemi), Pseudomonas aeruginosa, and Enterobacter cloacae have been described to have activities as ribosomal RNases, transfer RNases, pore-forming toxins, or DNases [17, 21, 22, 25, 45, 46] . This functional variability results from structural differences, and from differences in toxin-immunity interactions. The interface at which a toxin and an immunity protein interact can be composed of electrostatic interactions, hydrogen-bonds, ionic bonds, and/or covalent bonds, and may cover 10-20% of the total surface area of the toxin or immunity domains [18, 21, 22] . In many cases, the complex formed by the toxin and immunity proteins has better thermal stability than either protein on its own [18, 21] . Regardless of toxin mechanism, immunity proteins may alter toxin activity by (i) blocking the active site of the toxin, or (ii) by binding elsewhere and, presumably, changing the structure and/or activity of the toxin. An exposed β-hairpin from the E. coli EC869 CdiA-CT can stabilize the interaction with CdiI through β-augmentation [20, 47] . This interaction occludes the active site of CdiA, preventing the toxic nuclease activity [20, 21] . CdiI also blocks the active site of the CdiA-CTs from E. cloacae and D. dadantii [22] . The toxin domains from E. cloacae and D. dadantii both form structures resembling the rRNase colicin E3, but neither can access the ribosome to cleave 16S RNA when bound to their cognate immunity proteins [22, 45] . Toxins from B. pseudomallei E479 and 1026b do not share substantial aa sequence similarity, but both toxins form structures that resemble tRNase colicin E5 and have similarly shaped active sites that allow for preferential cleavage of specific tRNAs [18, 21, 25] . Although the toxin structures are similar, the cognate immunity proteins for these toxins are distinct in sequence, structure, and mechanism of inhibition [18] . BcpI from E479 likely uses a positively-charged protrusion to physically block access of tRNAs into the negatively-charged active site, while BcpI from 1026b seems to bind to an area near the active site, which results in a conformational change that alters the activity of the toxin [18] . Binding of the cognate immunity protein from E. coli EC869 to the toxin domain also results in a change in activity, although a conformational change has not been shown. When in the presence of Zn 2+ , binding of the immunity protein changes the toxin from a DNase that can degrade supercoiled plasmid DNA and genomic DNA to a DNA nickase [21] .
Discovery of the polymorphic nature and covariance of CdiA-CT/BcpA-CT and CdiI/BcpI proteins suggested that CdiA/BcpA proteins are modular and that these systems could be used to distinguish 'self' from 'non-self' neighbors, with self being defined by the CdiA-CT/ CdiI or BcpA-CT/BcpI pairs produced by a particular strain [17, 24] . In support of this hypothesis, experiments with E. coli and Burkholderia thailandensis showed that, in some cases, grafting heterologous CT domains onto the constant regions of CdiA or BcpA resulted in functional proteins that can mediate CDI with the activity and specificity of the protein from which the CT was derived. For example, when overproduced in E. coli, chimeric CdiA proteins that contain the N-terminus from E. coli 536 and the CdiA-CT from E. coli EC93, Dickeya dadantii 3937, or Yersinia pestis CO92, are capable of inhibiting the growth of E. coli K-12 (which lacks cdiBAI genes), while growth inhibition is prevented if the 'target' bacteria produce CdiI from EC93, 3937, or CO92, respectively [17] . Similarly, B. thailandensis E264 producing chimeric BcpA proteins that contain the BcpA-CT encoded by one of two different alleles from Burkholderia pseudomallei 1106a are capable of outcompeting ΔbcpAIOB B. thailandensis E264 that produces no BcpI (or a heterologous BcpI), but not ΔbcpAIOB B. thailandensis E264 producing cognate BcpI [24] . These studies demonstrate that CDI systems can mediate contact-dependent interbacterial competition. However, the contrived nature of these experiments (e.g., cdiBAI genes overexpressed from multicopy plasmids and targeting bacteria with mutations in genes encoding surface proteins or in cdiBAI or bcpAOIB) raises the question of whether CDI systems actually do mediate interbacterial competition in nature, especially for species such as B. thailandensis and B.
pseudomallei in which all strains contain at least one bcpAIOB locus (see Outstanding Questions).
Outstanding Questions
What is the composition of CDS complexes and how do they function mechanistically?
What are the regulatory pathways connecting CDS complexes to gene expression changes?
Do all CDI systems also function as CDS systems?
Are bcpAIOB/cdiBAI-containing islands currently mobile and, if so, is mobility stochastically regulated?
Are genes required for CDI and/or CDS also located on bcpAIOB/cdiBAIcontaining islands, and, if so, do they act in an allele-specific manner?
Is stochastic expression of bcpAIOB a bet-hedging strategy?
To investigate the biological relevance of CDI, we used B. thailandensis strains that are isogenic except for the DNA region encoding BcpA-CT and BcpI [26] . Although this system is still admittedly artificial, this approach avoids complicating influences by other genes that may contribute to interbacterial competition, such as those encoding T6SS, that differ between strains. These experiments showed that when strains producing different BcpA-CT and BcpI proteins interact, the strain that is numerically dominant outcompetes the minority strain, even if that strain is outcompeted when the two strains are mixed at a 1:1 ratio. Moreover, strains producing different BcpA-CT and BcpI proteins segregate during biofilm formation, and a biofilm formed by one strain can prevent bacteria producing a different BcpA-CT and BcpI from joining the biofilm. These results support the hypothesis that CDI systems can be used to distinguish self from non-self and to competitively exclude non-self bacteria from a microbial community. In this context, CDI-encoding genes function as multicolored harming greenbeards -they allow their bearer to identify and decrease the fitness of individuals that do not bear the same allele.
Receptor and Translocator Proteins for CdiA/BcpA Delivery
Although some chimeric CdiA and BcpA proteins are able to mediate CDI, others are not. For example, CdiA from E. coli 536 containing BcpA-CT from B. pseudomallei 1026b does not mediate CDI against E. coli K-12 [17] , and B. thailandensis E264 producing BcpA containing the BcpA-CT from B. pseudomallei 1106a bcpAIOB locus 3 is not capable of outcompeting ΔbcpAIOB B. thailandensis E264 [26] . Moreover, interspecies CDI has not been reported, even between strains in which the CdiA-CT of the inhibitor strain is derived from the target strain [16, 17] . Studies from the Hayes and Low groups have revealed the mechanistic basis for at least some of the observed CDI system specificity. Mutagenesis studies identified the outer membrane biogenesis protein BamA as a receptor for CdiA of E. coli EC93 [27] , and Ruhe et al. showed that it is surface-exposed loops 6 and 7 of BamA, which vary between species, that confer specificity ( Figure 3 ) [28] . However, BamA is not Danka et the receptor for CdiA of E. coli 536. Instead, this CdiA protein binds a hetero-oligomeric complex of the OmpF and OmpC osmoporins, with surface-exposed loops 4 and 5 of OmpC being especially important for the interaction [29] . Although the receptor-binding domain of CdiA is unknown, there is evidence that the region between amino acid 1300 and 1600 is involved ( Figure 3 ) [30] . Comparison of all predicted E. coli CdiA proteins indicates that there are at least four distinct classes based on the amino acid sequences in this region, suggesting that at least two additional receptor specificities exist [29] .
A second level of specificity occurs during translocation of the toxin domain across the inner membrane (Figure 3 ). Sequence and predicted structure comparisons (supported, in some cases, by X-ray crystallography data) indicate that CdiA-CT and BcpA-CT polypeptides comprise two distinct subdomains [24, 31] . The C-terminal (C, for catalytic) subdomain contains the toxic activity and is sufficient to bind the cognate immunity protein [21, 25, 32] . The N-terminal (T, for translocation) subdomain, which is sometimes shared between CdiA-CT or BcpA-CT proteins that contain different C domains, mediates translocation across the cytoplasmic membrane ( Figure 3 ) [31] . Although direct interactions have not been demonstrated, the T domain appears to bind a specific integral cytoplasmic membrane protein, often an ABC transporter membrane permease ( Figure 3 ) [31] . Willett et al.
hypothesize that the role of this binding is simply to bring the C domain into close proximity to the cytoplasmic membrane such that the proton motive force can be harnessed for translocation into the cytoplasm [31] . Each T domain that has been studied so far uses a distinct cytoplasmic membrane protein.
A third level of specificity was identified for CdiA of E. coli 536. Diner et al. discovered that the CdiA-CT of this protein (CdiA-CT EC536 ) is a latent tRNase that is catalytically active only when bound to the biosynthetic enzyme CysK, an O-acetylserine sulfhydrylase [32] . Kaundal et al. found that CysK not only binds to CdiA-CT EC536 , it also increases the affinity of CdiA-CT EC536 for its cognate CdiI protein, stabilizing the CdiA-CT/CdiI complex [23] .
The authors propose that in addition to activating the CdiA-CT EC536 toxin in susceptible cells, CysK may play a crucial role in preventing autoinhibition between neighboring siblings.
Together, these data indicate that self/non-self recognition by CDI systems requires more than just the identity of the CdiA-CT/CdiI or BcpA-CT/BcpI pair produced by a particular bacterium; delivery of the CT into a neighboring cell requires specific outer and inner membrane proteins and, in at least one case, the toxic activity of the C domain requires an accessory factor. For those that have been studied, strains producing a specific CDI system are susceptible to that system if their immunity-encoding gene has been deleted, but strains containing different alleles are not always susceptible [17, 25, 29] . While competition may be fiercest between the most closely related organisms (who are competing for the same resources in the same niches), these observations suggest that, in some cases, the only bacteria that are susceptible to a specific CDI system are those that are so closely related that they also carry the same allele and hence are immune to the toxic activity of the C domain. Is interbacterial competition, therefore, really the true function of CDI system proteins? 
Contact-Dependent Cooperation
Although they were not identified as CDI systems at the time, several CdiA/BcpA proteins were shown to play roles in cell-cell aggregation or biofilm formation [33] [34] [35] [36] . Several non-CDI TPS pathway proteins also mediate biofilm formation. In Bordetella pertussis, for example, interbacterial aggregation and biofilm formation result from homotypic interactions between the β-helical shaft of filamentous hemagglutinin (FHA; a TpsA protein) on neighboring bacteria [37, 38] . In E. coli strain EC93, CdiA similarly facilitates biofilm development by functioning as an interbacterial adhesin, both through interactions with BamA and through receptor-independent interactions, possibly via CdiA-CdiA adhesion [30] . As aggregation and biofilm formation are considered beneficial behaviors (they provide protection from both biotic and abiotic stress) [39] , CDI system-encoding genes, in this context, may function as helping greenbeards, although the extent to which these interactions are allele-specific is unclear.
By contrast, biofilm formation in B. thailandensis requires the catalytic activity of BcpA [40] . Other phenotypes, such as production of a pigment and a Congo Red-binding surface structure, also require BcpA catalytic activity, but interbacterial killing is not required, as constitutive expression of bcpI does not abrogate these phenotypes [40] . These findings suggested the hypothesis that BcpA activity mediates cell-cell signaling between sibling bacteria that exchange BcpA-CT polypeptides, but are immune to the molecule's toxicity because they produce BcpI. RNA-sequencing analysis established that gene expression changes occur in B. thailandensis in a BcpA-dependent manner, and lacZ reporter experiments showed that these changes require acquisition of a catalytically active BcpA-CT molecule from neighboring bacteria [41] . Several genes induced by this pathway, which we named contact-dependent signaling (CDS), are required for biofilm formation. Together, these data suggest that CDI system-encoding genes in B. thailandensis (and perhaps other bacteria) function as both helping and harming multicolored greenbeards; they increase the fitness of bacteria that bear the same allele by inducing gene expression changes that lead to beneficial behaviors such as biofilm formation, and they decrease the fitness of (kill) bacteria that do not bear the same allele (if they have the correct receptor and translocation proteins in their membranes).
CDS Requires More Than Just BcpA-CT and BcpI
The molecular mechanism of CDS remains to be determined, but several possibilities exist ( Figure 4 ). We assume that delivered BcpA-CT forms a complex with BcpI, as bacteria undergoing CDS are protected from growth inhibition in a BcpI-dependent manner. Other accessory proteins may also be required, similar to the interaction of CysK with CdiA-CT/ CdiI EC536 . In the case of B. thailandensis E264, BcpA-CT, on its own, has DNA nickase (i.e., phosphodiesterase) activity, and a BcpA mutant with two amino acid substitutions in the predicted active site within the C subdomain has neither DNA nickase activity nor CDS activity [41] . In the mutant BcpA protein, these substitutions may have abolished DNA binding or cleavage activity or, less likely, proper folding of the C domain (the mutant BcpA-CT can still bind BcpI). We hypothesize, therefore, that the BcpA-CT/BcpI signaling complex also has phosphodiesterase activity, but with altered substrate specificity or kinetics. One possibility is that equilibrium dynamics between BcpI-bound and -unbound toxin allows for limited, nonlethal DNase activity ( Figure 4A ), generating a transcriptional response. Another is that the complex acts on a small nucleotide second messenger, such as c-di-GMP or cAMP ( Figure 4D ), or a small signaling RNA or RNA/DNA hybrid ( Figure  4C) . It is also possible that the BcpA-CT/BcpI complex alters transcription by binding DNA or even a protein (in a manner requiring the specific amino acids that are mutated in the catalytically inactive BcpA mutant) ( Figure 4B ).
Regardless of the mechanism, it appears that the requirements for CDS are more stringent than for CDI. B. thailandensis E264 producing chimeric BcpA proteins that contain a heterologous BcpA-CT and corresponding BcpI are able to intoxicate neighboring (ΔbcpAIOB E264) cells via CDI, but cannot signal to neighboring siblings via CDS [26] . Thus, although lack of cognate BcpI results in non-self antagonism, the presence of cognate BcpI is not sufficient to dictate the self cooperative response. CDS appears to require not just any BcpA-CT/BcpI complex, but the 'correct' BcpA-CT/BcpI complex -one that performs a function that can be interpreted and acted on such that the appropriate response is generated in that particular cell. Our results suggest that the ability of a cell to respond to the activity of a BcpA-CT/BcpI complex is linked to the specific bcpAIOB allele.
CDI/CDS-Encoding Genes Are on Genomic Islands
Most, if not all, cdiBAI and bcpAIOB genes are located on predicted genomic islands that are variably present in different strains within a particular species [42, 43] . For example, B. pseudomallei strain 1106a contains three different bcpAIOB-containing islands, and each is also present in at least two other sequenced B. pseudomallei strains [24] . The distribution of cdiBAI-and bcpAIOB-containing islands among strains suggests that these islands are, or were recently, mobile. Ruhe et al. showed that cloning the cdiBAI genes from EC93 onto an F plasmid that lacks the genes encoding a partitioning system and a toxin-antitoxin system (and is hence destabilized), prevents loss of the plasmid from the population in a CDIdependent manner [42] . Although genomic islands are typically quite stable, these results suggest that CDI systems could function to stabilize mobile genetic elements. However, if cdiBAI-and bcpAIOB-containing islands are currently mobile, the cdiBAI or bcpAIOB genes will only provide CDI-dependent stabilization if the strain into which the island has moved produces outer membrane receptors and inner membrane translocator permeases that can be used by the island-encoded CDI system, unless those proteins are also encoded on the island. Similarly, advantages conferred by CDS will only be realized if the strain, or the island, additionally encodes proteins or regulatory RNAs required for CDS. The presence of genes required for allele-specific CDI or CDS on cdiBAI-or bcpAIOB-containing islands would lend further support to cdiBAI and bcpAIOB genes functioning as greenbeards, as a hallmark of greenbeards is linkage disequilibrium between the gene(s) encoding the identifiable trait and the gene(s) encoding cooperative or competitive behaviors [4, 5] .
Model for CDI/CDS
In E. coli EC93, the strain in which CDI was discovered, the cdiBAI genes are expressed constitutively. In all other strains, cdiBAI and bcpAIOB genes appear to be under tight regulatory control. Expression of the bcpAIOB genes in B. thailandensis E264 decreases to a low level during CDS, which makes teleological sense as a population of identical bacteria will benefit by engaging in cooperative rather than competitive behaviors. However, a small proportion (about 0.1%) of bacteria growing in a biofilm, or even in liquid culture, express the bcpAIOB genes at a high level ( Figure 5 , Key Figure) [24, 40] . These data, together with other results discussed in this review, support a model in which bacteria use their CDI/CDS systems to sense when they are growing as a community of siblings. CDS causes a majority of the bacteria in the population to decrease expression of their bcpAIOB genes and to increase expression of genes required for biofilm formation and potentially other cooperative behaviors (cooperators in Figure 5) . Stochastic high-level expression of bcpAIOB in a small proportion of bacteria (sentinels in Figure 5 ), however, allows some cells to be ready to attack non-self invaders, should they be encountered. Minoia et al. showed that mobilization of the ICEclc genomic island in Pseudomonas knackmussi is controlled by a series of stochastic processes such that only about 1-3% of cells in a population are able to transfer the island to other cells at any given time [44] . If mobilization of cdiBAI and bcpAIOBcontaining islands is similarly stochastically regulated, some cells (converters in Figure 5 ) will be poised to transfer the island to bacteria that lack it. Thus, stochastic regulation of bcpAIOB genes would allow some bacteria to eliminate non-self invaders via CDI, while stochastic regulation of island mobility would allow others to deliver the island to non-self invaders, which would convert them to self (with regard to the specific CDI/CDS allele) and would also assure maintenance of the island should the invading bacteria be capable of eliminating the original population. Stochastic regulation of CDI/CDS-encoding genes and, potentially, genomic island mobilization, may therefore be a bet-hedging strategy that maximizes the probability that cdiBAI/bcpAIOB genes are maintained and propagated, fulfilling Dawkins' selfish gene hypothesis. Further support for bet-hedging is the fact that the number of cdiBAI/bcpAIOB loci in any strain appears to be small, suggesting that they are costly to maintain.
Concluding Remarks
Although the theory of inclusive fitness and the concept of greenbeard genes were proposed more than half a century ago, the genetic and molecular mechanisms underlying cooperation and altruism remain incompletely understood. The relatively recent appreciation that microbes are social organisms has led to the development of bacterial models for studying complex group behaviors and theories of social evolution. Bacteriocins, especially colicins produced by E. coli, are excellent models for investigating multicolored, obligate, harming greenbeards. The data summarized in this review suggest that CDI/CDS systems may serve as equally useful models for investigating multicolored, facultative, helping greenbeards, leading to substantial advances in our understanding of social evolution. Moreover, it is now well established that bacteria growing in biofilms can cause or exacerbate human disease, and that microbial community composition can affect immune system development and other aspects of human health. Understanding sociomicrobiological behavior therefore also has important public health ramifications.
Inclusive fitness the sum of direct and indirect fitness.
Selfish gene hypothesis adaptive evolution occurs though differential survival of competing genes, increasing the frequency of alleles encoding phenotypic traits that promote their own propagation.
Trends
Specificity between BcpA/CdiA proteins and receptors and translocator proteins restricts delivery of BcpA-CT/CdiA-CT polypeptides to closely related bacteria.
In Burkholderia thailandensis, delivery of BcpA-CT into an immune cell results in a change in gene expression, a phenomenon called contact-dependent signaling (CDS).
CDI system-encoding genes are located on genomic islands.
CDI system-encoding genes are tightly regulated. In B. thailandensis, these genes are expressed stochastically; they are expressed highly in only about 0.1% of cells growing in culture or in a biofilm.
bcpAIOB genes act as both helping and harming greenbeards; they induce gene expression changes in 'self' bacteria that cause cooperative behaviors and inhibit the growth of, or kill, 'non-self' bacteria.
As multicolored, facultative, helping greenbeards, CDI/CDS systems represent an excellent model for studying social evolution. Greenbeards allow cells to recognize related social partners within a population. These loci can be expressed at all times (obligate), or expressed in response to a social partner with or without a greenbeard (facultative). Here, neighboring cells expressing the appropriate greenbeard (cells with green envelopes) will lead to helping behaviors (solid line with arrow), while recognition of neighboring cells without the appropriate greenbeards (cells with blue envelopes) will lead to harming behaviors (solid line with rounded end). Obligate helping behaviors will benefit greenbearded neighbors while neighbors lacking the greenbeard cannot benefit (no effect, dashed line). Obligate harming behaviors will harm neighbors without a greenbeard while greenbearded neighbors are protected (no effect). Facultative helping greenbeards will promote helping behaviors upon recognition (dotted line with arrow) of a greenbearded social partner, while facultative harming greenbeards will result in harming behavior upon recognition of a social partner lacking a greenbeard. , the toxic C-terminal domain of BcpA will degrade DNA or tRNA, resulting in cell death. If the recipient cell produces BcpI encoded by the same allele as the BcpA-producing cell, BcpI will bind to the BcpA C-terminus, blocking toxic activity. BcpO (lavender) is a small lipoprotein that is predicted to localize to the inner leaflet of the outer membrane. Its function is unknown. and may function to exclude non-self bacteria (blue) from the community via contactdependent growth inhibition (CDI). Another subset of bacteria (circle-filled cells) may mobilize their bcpAIOB-containing genomic island (GI) and could transfer this element, potentially converting non-self invaders into self bacteria that would then express an identical bcpAIOB allele. 
